We interpret the correlation over five orders of magnitude between high frequency ν high and low frequency ν low in a quasi-periodic oscillation (QPO) found by Psaltis, Belloni & van der Klis (1999 , 2002 for black hole candidate (BHC) and neutron star (NS) systems and then extended by Mauche (2002) , Warner et al (2003) and Warner & Woudt (2004) to white dwarf (WD) binaries. As declaimed, ν high and ν low are identified as the lower kHz QPO frequency and the horizontal branch oscillations (HBOs) ν HBO in Z sources or broad noise components in Atoll sources respectively, and in our model we ascribe ν high to the Alfven wave oscillation frequency at a preferred radius ≃ 1.2R A and ν low to the same mechanism at the doubled Alfven radius ≃ 2R A . We obtain that the theoretical correlation between the low and high frequencies is ν low = 0.08 ν high and the quadratic correlation between the low frequency ν low (or HBO ν HBO ) and the upper kHz QPO frequency ν 2 is ν HBO ≃ 57 (Hz) (ν 2 /kHz) 2 , which are in accordance with the observed empirical relations. Furthermore, some theoretical implications are discussed, including why QPO frequencies of white dwarfs and neutron stars span five orders of magnitude.
Introduction
Since the launch of the Rossi X-ray Timing Explorer (RXTE), we have achieved much progress in understanding the properties of the aperiodic variability of accreting X-ray binaries (see, e.g., van der Klis 2000 Klis , 2004 . The ≃ 0.1 − 1300 Hz quasi periodic oscillations (QPOs) and broad noise components are observed in the power spectra of neutron star (NS) and black hole candidate (BHC) low-mass X-ray binaries (LMXBs), which contains up to five simultaneous QPOs, such as the ≃ 200 − 1300 Hz kilohertz (kHz) QPO that has been found in about a fourth of 100 LMXBs (see, e.g., van der Klis 2000 Klis , 2004 Swank 2004 ) and typically occurs in pairs: the upper kHz QPO ν 2 and lower kHz QPO ν 1 , the ≃ 15 − 60 Hz horizontal branch oscillations (HBOs) ν HBO in Z sources or broad noise components in Atoll sources respectively, etc. All of these QPOs have central frequencies that increase with inferred mass accretion rate (see, e.g., van der Klis 2000 Klis , 2004 . Psaltis, Belloni & van der Klis (1999, hereafter PBK99) and Belloni, Psaltis & van der Klis (2002, hereafter BPK02) systematically studied the numerous QPOs and peaked noise components in the 0.1 -1200 Hz range and identified two features whose characteristic frequencies follow a correlation covering three orders of magnitude in frequency. For bright NS LMXBs, Z sources, these two features are the HBO and the lower kHz QPO, respectively. For BHCs and low-luminosity LMXBs, they are the low-frequency QPO and a broad peaked component at frequencies between 1 and 10 Hz. For less luminous NS LMXBs, Atoll sources, the broad noise components have been identified as possibly HBOs of Z sources, and then PBK99 and BPK02 have demonstrated that these NS and BHC low and high frequencies follow a tight correlation. Their results suggest that the same types of variabilities may occur in NS/BHC systems over 3 orders of magnitude in frequency. Furthermore, PBK99 and BPK02 suggest that the low and high frequencies correlate in a way that seems to depend only weakly on the sources properties, such as the mass, magnetic field, or possibly the presence or absence of a hard surface in compact object. At large scales (over 3 orders of magnitude) the correlation is fitted by a linear function ν low = 0.08ν high (see figure 1) and it also has a fine structure at smaller frequency scales.
Motivated by Warner & Woudt (2002ab) , Mauche (2002) uses the data of the Extreme Ultraviolet Explorer deep survey photometer and the Chandra X-ray Observatory Low Energy Transmission Grating Spectrograph, to investigate the extreme-ultraviolet (EUV) and soft X-ray oscillations of the dwarf nova SS Cyg in outburst, to combine with the optical data of Woudt & Warner (2002b) for VW Hyi, extends the ν low -ν high correlation for NS/BHC LMXBs nearly two orders of magnitude in frequency with ν low ≈ 0.08 ν high . This correlation identifies the high-frequency quasi-coherent oscillations (so-called "dwarf nova oscillations", DNOs) of cataclysmic variables (CVs) with the lower kilohertz QPOs of LMXBs, and the low-frequency QPOs of CVs with the HBOs (or the broad noise components of Atoll sources) of LMXBs. Furthermore, systematically studied and improved by Warner et al (2003) and Warner & Woudt (2004ab) , white dwarf, neutron star and black hole binaries share a common correlation in the frequencies of their QPOs for 27 CVs, which again extends the correlation over nearly five orders of magnitude in frequency and further establishes the connection be-tween the CV and LMXB QPOs. They also find the period ratio between QPO and DNO to be P QP O /P DN O ≃ 15 (Warner et al 2003; Warner & Woudt 2004ab) , almost close to the correlation expressed in frequency ν low = 0.08ν high . In addition to their frequencies, the DNOs of CVs and the kHz QPOs of NS LMXBs are similar in that they have relatively high coherence and high amplitudes, and they sometimes occur in pairs. They note that the frequencies of the DNOs of CVs and the lower kHz QPOs of NS binaries are similar in that they are similar to the Keplerian frequency, increasing with the mass accretion rate.
The similar types of variability occurred in WD/NS/BHC systems over five orders of magnitude in frequency will strongly constrain theoretical models of these phenomena and provide additional clues to understanding their nature. QPOs in WD/NS/BHC systems provide us with invaluable information on the accretion dynamics in the innermost parts of these systems, which opens a new era in the study of the dynamics near compact objects. If the same mechanisms produce the QPOs in WD/NS/BHC sources, it is concluded that the data exclude the model requiring the presence or absence of a stellar surface or magnetic field; more promising are models that interpret QPOs as manifestations of disk accretion onto any low-magnetic field compact object (Mauche 2002; Warner & Woudt 2004ab ).
Various models and attempts for the quasi-periodic variability properties of accreting compact objects have been proposed for understanding their physical origin of the broadband aperiodic variability. Three major classes of models exist to explain the variable-frequency QPOs in LMXBs, which is involved in our understanding the low-high frequency correlation. The beat frequency models (e.g., Alpar & Shaham 1985; Strohmayer et al. 1996; Miller, Lamb & Psaltis 1998 ) take the NS spin-frequency as one of the characteristic frequencies, however, it is commented recently that this model still confronts the severe arguments or modifications in interpreting kHz QPO correlations (see, e.g., van der Klis 2004; Swank 2004 ). In the relativistic precession models (see, e.g., Stella & Vietri 1999; Stella, Vietri & Morsink 1999; Morsink 2000) , all QPO frequencies arise from general relativistic frequencies in the accretion disk, i.e., the upper and lower kHz QPOs (ν 2 and ν 1 ) are ascribed to the orbital Keplerian frequency ν K and the periastron precession of it at the same orbit, respectively. Whereas for the HBO frequency it is ascribed to the nodal frequency of the tilt disk by the gravitomagnetism precession, frame-dragging effect of Einstein's general relativity or the Lense-Thirring effect. Moreover, the dynamical mechanisms to produce the resonances at these characteristic frequencies have also been studied by Psaltis and Norman (2000) . This class of models do not depend explicitly on the properties of the compact object and are therefore also applicable to the variable-frequency QPOs observed in BHCs. Although the empirical quadratic relation between the HBO and the upper kHz QPO can be derived in the relativistic precession model, it needs the high spin frequency, such as ∼ 300 Hz in central object, and large moment of inertia (see, e.g., Psaltis & Norman 2000; Psaltis et al 1999) , which are inadequate for WD sources for their weak gravitational field and slow rotation (see, e.g., Mauche 2002; Titarchuk & Wood 2002; Warner & Woudt 2004ab ).
More promising are models that interpret QPOs as manifestations of disk accretion onto any low-magnetic field compact objects, such as the transition layer model of Titarchuk and collaborators (Titarchuk, Lapidus & Muslimov 1998; Titarchuk & Wood 2002, hereafter TW02 ). In the model of TW02 the high frequency ν high (identified as the lower kHz QPO frequency ν 1 ) is ascribed to the Keplerian frequency ν K at the outer (adjustment) radius and the low frequency ν low (identified as the HBO) is ascribed to the magnetoacoustic (MA) oscillation frequency ν MA , and they demonstrate that the observed correlation of the low-high frequency is perfectly described by the dependence of the inferred MA frequency ν MA on the Keplerian frequency ν K . In fact, MA oscillation model from the transition layer was first put forth by Titarchuk, Lapidus & Muslimov (1998) that the dynamical adjustments of a Keplerian disk to the innermost sub-Keplerian boundary conditions to explain most observed QPOs in bright LMXBs. Moreover, as for the QPO models that are nothing to do with the presence or absence of the hard surface of the compact object, there exist the mode oscillation models in the accretion disc (see, e.g., Li & Narayan 2004; Rezzolla, et al 2003ab; kato 2001; Nowak et al 1997; Wagoner 2001, references therein) and the orbital resonance model by Abramowicz and his collaborators (2001 Abramowicz and his collaborators ( , 2002 Abramowicz and his collaborators ( , 2003 , which needs the further refinements if applied to interpret the low and high frequency correlations.
In this Letter, based on the Alfven wave oscillation model that has successfully explained the kHz QPOs of NS LMXBs (Zhang 2004ab) , we seek to offer a unified model to explain the similar correlation between the low and high frequencies found in WD/NS/BHC systems. In §2, our model formulation is described, and the derivation of the low-high frequency correlation is also presented. The consequences and conclusions are summarized in §3.
Description of the model and its applications
In the model by Zhang (2004ab) , it ascribes the upper and lower kHz QPO frequencies (ν 2 and ν 1 ) to the Keplerian frequency and the MHD Alfven wave oscillation frequency at the preferred radius r (≃ 1.2R A , where R A is Alfven radius), which reads
with the parameter X=R/r, A = (m/R is the star mass M in the units of solar mass and R is star radius. The lower kHz QPO frequency is given as
For the typical kHz QPO sources the inferred averaged X is X ≃ 0.88, which means that the kHz QPOs occur close to NS surfaces, about ∼ 10% of star radius away (Zhang 2004ab) . It is remarked that our model formulation (Zhang 2004ab ), successfully applied in interpreting the kHz QPO correlations of NS LMXBs, just need the accretion flow in the disk around a gravitational source with the dipole magnetic moment inside an innermost boundary, e.g., star radius for WD/NS, and does not necessarily require the presence or absence of a hard surface of compact object. Then if applying the model to the BHC sources, we have to assume that there exists a dipole magnetic structure outside the innermost boundary of BH, such as innermost stable circular orbit (ISCO) or Schwarzschild radius.
While, we ascribe the low and high frequencies to the Alfven wave oscillation frequencies at the different orbits, and identify the high frequency ν high to be the lower kHz QPO phenomena (ν 1 ) at a preferred radius of about ≃ 1.2R A (Zhang 2004ab ) and the low frequency ν low to be the same mechanism occurred at another position of about doubled Alfven radius ≃ 2R A , inferring the ratio of two orbit radii φ = 2R A /1.2R A ≃ 1.65. Therefore, these low ν low and high ν high frequencies are conveniently arranged as follows
where the introduction of the factor φ −7/4 is on account of the fact that the Alfven wave oscillation frequency is the φ −7/4 times of the Keplerian orbital frequency for the quasi spherical accretion (Zhang 2004b) , and then we have the ratio between the low and high frequencies,
where K(φX) is a ratio between the low and high frequency defined as
Generally, the averaged X is about 0.88 for kHz QPO sources, and then its permitted value from the definition is 0 ≤ X ≤ 1. Furthermore, we find that K(φX) is mainly determined by φ but is insensitive to X, and even more importantly, the ratio K(φX) is independent of the parameter A (= (m/R 3 6 ) 1/2 ) that is a measurement of the average mass density of compact object from its definition (see, e.g., Zhang 2004ab). Therefore Eq.(6) can be applicable in any compact objects, from WDs to NSs. For the possible values of φ = 1.65 and X=0.88, from Eq. (7) and Eq.(8) we obtain the ratio K ≃ 0.08, which satisfies the need of empirical relation.
The correlation ν low versus ν high is plotted in figure 1 , together with the measured data of WD/NS/BHC sources from BPK02, Mauche (2002) and Warner & Woudt (2004ab) , respectively. The three fitted lines, from top to bottom, represent ν low /ν high = 0.11, 0.08, 0.06, which can be obtained by setting the parameter values of φ = 1.55, 1.65, 1.75 and X=0.88, respectively. It is seen that the agreement between the model and the observed QPO data is quite good for the convenient choice of parameters X and φ. It is stressed that the ratio K(φX) in Eq. (7) has nothing to do with the parameter A and is almost independent of the parameter X. Therefore, the ν low versus ν high plot in figure 1 will represent the properties of any compact objects (WDs/NSs/BHCs) that reflect a common feature of the accretion flow around the gravitational sources and have no direct correlations to the mass, radius, hard surface, magnetic field and spin frequency of the specific source.
If we assume the position parameter X to be comparable for the QPO sources of WDs and NSs, then for the typical choice of mass and radius of WD and NS (see e.g., Shapiro & Teukolsky 1983) , such as M WD = 1.0M ⊙ , R WD = 5 × 10 8 cm, M NS = 1.4M ⊙ and R NS = 1.5 × 10 6 cm, respectively, we can obtain,
where we have set X WD ∼ X NS or
If the WD mass (radius) is lower (higher) than the typical value or the condition X WD > X NS happens, then the above ratio in Eq. (9) can be even as low as ∼ 10 −5 , which may interpret the extended low-high frequency correlations in WD/NS/BHC systems in five orders of magnitude in frequency, shown in figure 1. In fact, there are two parameters to modulate the QPO frequency in Eq. (2) or Eq.(4), A and X, representing the compactness of source and the position to exhibit QPO respectively. Therefore for the same source (A is same), the parameter X will modulate the QPO frequency, while for the different sources the parameter A will modulate the QPO frequency. However, the fact that the ratio of low frequency to high frequency is independent of parameter A and weakly depends on the parameter X can interpret the QPO similarities in different sources and in different accretion rates of the same source (see figure 1) .
As an assumption that ν low is identified as the HBO frequency ν HBO for Z sources (or Broad band noises for Atoll sources), i.e., ν HBO = ν low , we obtain the theoretical correlation between the HBO frequency ν HBO and the upper kHz QPO frequency ν 2 from Eqs. (1) and (5) as,
After substituting φ = 1.65, the averaged values X =0.88 and A = 0.7 inferred from the typical kHz QPO sources (Zhang 2004ab) , into Eq. (10), we obtain the simplified theoretical correlation between ν HBO and ν 2 as
which is consistent with the observed empirical relation (see, e.g., Psaltis et al 1999; van der Klis 2000 van der Klis , 2004 Swank 2004) . Perhaps, in principle, this quadratic correlation indicated in Eq.(10) may be also valid for the other sources besides the NS kHz QPO sources, i.e., ν low ∼ ν 2 2 , which needs the future observational confirmation after the twin high-frequency QPOs are detected simultaneously.
Consequences and Discussions
In this letter, a unified interpretation of QPO low-high frequency correlations observed in WD/NS/BHC sources in terms of the Alfven wave oscillation frequencies induced by the accretion flow at the two preferred radii, ∼ 1.2R A and ∼ 2R A , has been proposed, where we identify the high frequency ν high to be the lower kHz QPO frequency ν 1 occurred at ∼ 1.2R A and the low frequency ν low to be the same mechanism of ν 1 but occurred at ∼ 2R A . While, without violating the quadratic relation between ν 1 and ν 2 (Zhang 2004ab) , the linear relation between ν low and ν high and the quadratic relation between ν low (or ν HBO ) and ν 2 are obtained, which are consistent with the detected empirical relations (see, e.g., van der Klis 2000 Klis , 2004 Psaltis et al 1999; Stella et al 1999; PBK99; BPK02) . Applying the proposed formulation described in Section 2, we have inferred the correlation over five orders of magnitude in frequency between ν low and ν high to be ν low = 0.08ν high (or equivalently declaimed correlation in CVs in period P QP O /P DN O = 15, see, e.g., Warner & Woudt 2004ab) , firstly established by PBK99 and BPK02 for NS/BHC X-ray binaries and recently extended by Warner & Woudt (2002ab) , Mauche (2002) , Warner et al (2003) and Warner & Woudt (2004ab) for WD binaries. In addition, the quadratic correlation between the low frequency ν low (or HBO ν HBO ) and the upper kHz QPO frequency ν 2 is approximately ν HBO (ν low ) ≃ 57 (Hz) (ν 2 /kHz) 2 , which is also in accordance with the observed empirical relation (see, e.g, van der Klis 2000 (see, e.g, van der Klis , 2004 Psaltis et al 1999; Stella et al 1999) . Moreover, it is noted that the above theoretical quadratic correlation may be testable in the WD and BHC sources if the twin high frequencies are detected simultaneously because its derivation is not constrained to the conditions of NSs in LMXBs.
Undoubtedly, these studies suggest that the same types of variabilities occurred in WD/NS/BHC sources can severely constrain the theoretical models or rule out the theoretical models (see, e.g., TW02; Mauche 2002) and provide clues to understanding the nature of QPO phenomena. Apparently, a common QPO feature for a wide class of WD/NS/BHC systems seems to hint that the mechanism to exhibit the low-high frequency correlation has no strong direct dependence on the specific parameters of sources, such as the mass, radius, spin, presence or absence of a hard surface of compact object and magnetic field (see, e.g., Mauche 2002; TW02; Warner & Woudt 2004ab ).
In conclusion, the extension in frequency for five orders of magnitude in ν low -ν high relation among WD/NS/BHC systems may imply that the frequencies ν low and ν high are intimately related to the parameter A = (m/R 3 6 ) 1/2 or the Keplerian frequency ν K where A appears because the typical values of masses and radii of WDs and NSs can arise the variation in the parameter A for five orders of magnitude (see also, e.g., Mauche 2002) . However, clearly, in our model, ν low and ν high satisfy the above condition and the ratio between them is almost a constant that is nothing to do with the parameter A. Furthermore, for the different WD/NS/BHC sources the variation of ν low or ν high is modulated by the variation of parameter A, and for the same source it is modulated by the position parameter X, depending on the accretion rate. This fact can explain why the QPO data distribution of WD/NS/BHC sources in ν low -ν high plot is homogeneous for the different sources and for the different accretion rates of the same source (see figure 1) . By the way, the QPO similarity phenomena are not special for the WD/NS/BHC sources, and the similar phenomena have also been found in micro-quasars and quasars with 3:2 ratio in their twin-peaked QPO frequencies (see, e.g., Abramowicz et al 2004) , which may indicate that the QPO phenomena reflect the fundamental characteristics of accretion flow around any astrophysical objects in the universe.
Moreover, in addition, it is remarked that in the speculative model by TW02, ν high is identified to be the Keplerian frequency ν K , which also presented ν low -ν high extension for five orders of magnitude among WDs/NSs/BHCs, however we have to look for the mechanism for the upper kHz QPO frequency that should be correlated to the preferred radius r as ν 2 ∼ r −3/4 to accord with the detected empirical quadratic relation between ν 1 and ν 2 as ν 1 ∼ ν 2 2 . Therefore, the mechanisms for the QPO phenomena are still open, and the further fresh explorations are needed.
Finally, we stress that the low and high QPO behaviors in WD/NS/BHC sources are so complex that no simple explanations have been likely to be adequate (see, e.g., van der Klis 2004). As declaimed by Warner and Woudt (2004ab) , the existence of magnetically controlled accretion is in principle testable by the further QPO detections. On the QPO correlation in WD/NS/BHC sources, it essentially implies that the QPO phenomena generate in the accretion disc around any low-magnetic field compact objects, and therefore our model would provide a competitive choice.
The author (ZCM) acknowledges T. Belloni, C.W. Mauche, B. Warner and P.A. Woudt for kindly providing the QPO data plotted in figure 1, and discussions with T. Belloni and L. Titarchuk are highly appreciated. Moreover, thanks are also due to some suggestions from M. Abramowicz and L. Rezzolla. The CV data are from Warner & Woudt (2004ab) and Mauche (2002) and were kindly provided by B. Warner & P. Woudt and C. Mauche. The three lines represent the theoretical curves ν low /ν high = 0.11, 0.08, 0.06 (or equivalently expressed in period P QP O /P DN O ≃ 9.1, 12.5, 16.7), respectively, from top to bottom.
